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Cells and subcellular organelles undergo significant morphological 
changes in their life course, which requires crucial bending on their membranes. 
Therefore, characterizing the elastic properties of membranes and their 
deformation behavior has gained significant attention in the past decades. 
Researchers often use vesicles as model systems to study the mechanical 
properties of membranes because vesicles form the frame of various sub-cellular 
organelles such as lysosomes, endosomes, exosomes, as well as the lipid envelope 
of viruses. However, due to technological limitations, researchers have to use 
microscale vesicles hundreds of times larger than their naturally-occurring 
counterparts that are sub-micron in size. Since length-scale plays a crucial role in 
mechanical properties of vesicles, microscale vesicles are not a reliable model 
system for many biologically-relevant processes. The main objective of this 
xviii 
 
research is to develop a novel analytical platform that enables measuring the 
elasticity of nanoscale vesicles. 
In order to characterize nanoscale vesicles, we employ a solid-state 
nanopores and an electric field to form a local strong field inside the pore. 
Nanoscale vesicles, dispersed in an ionic solution, are then allowed to translocate 
through the pore, where they undergo a strong DC pulse. Such a strong DC pulse 
can deform the nanoscale vesicle due to the well-known phenomenon called 
electrodeformation. By measuring the ionic current through the pore and blockade 
events caused by vesicle translocation, we characterize the morphology of the 
translocating vesicle. Hence, electrodeformation in nanopores allows 
characterizing force-deformation properties of nanoscale vesicles. 
In this dissertation, we focus on proof-of-the-concept experiments and 
particularly investigate the electrodeformation of nanoscale vesicles of varied 
mechanical properties. The dissertation is divided into five chapters. Chapter 1 
introduces the motivation and the objectives of this research. It discusses the 
theoretical background required to understand electrodeformation phenomenon as 
well as the working principle of nanopore resistive pulse sensing. Chapter 2 
discusses the electrodeformation of synthetic liposomes inside nanopores. 
Resistive pulse measurements of liposomes with varied composition and 
mechanical properties are compared and correlation between elasticity and 
xix 
 
resistive pulse characteristics is established. Chapter 3 is dedicated to 
characterizing the morphology of deformed liposomes inside nanopores. In this 
chapter, multiphysics simulations are used to establish a relationship between 
resistive pulse signals and shape characteristics of liposomes. Translocation 
events of particles with various shapes through a nanopore are modeled and the 
differential equations for the underlying physics are solved to simulate a resistive 
pulse signal. These simulated signal are then compared the experimental data 
from chapter 2 to predict the shape of deformed liposomes inside nanopores. 
Chapter 4 demonstrates the ability of our platform to compare elasticity of 
pseudotype human immunodeficiency viruses type 1 (HIV-1). The elasticity of 
immature and mature viruses is compared based on their respective resistive pulse 
signals. In addition, the effect of cholesterol on the mechanical properties of 
mature viruses is investigated by removing cholesterol from their membranes. 
Furthermore, a recapturing protocol is employed to investigate the elastic 
properties of a single virion as opposed to average ensemble measurements. 
Chapter 5 is dedicated to explaining current challenges and opportunities for 
future works. Important steps to follow this research are suggested and potential 
experimental or theoretical investigations to overcome current challenges are 
proposed. Opportunities for future research in both fundamental and applied 
sciences are further discussed.  
xx 
 
In conclusion, our findings lay the groundwork to develop novel enabling 
technologies based on nanopore resistive pulse sensing for characterization of 
vesicles’ elastic properties at nanoscale. Our data suggests that such platform can 
offer significant advantages over current state-of-the-art systems particularly in 
terms of throughput, costs and operability. 
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CHAPTER 1. INTRODUCTION 
 
 
1.1. Motivation 
Vesicles play an important role in cellular biology, especially for storage 
and transport of molecular species. Microscale (<1 μm) and nanoscale (<100 nm) 
vesicles form the frame of various sub-cellular organelles such as lysosomes, 
endosomes, exosomes, as well as the lipid envelope of viruses. These small 
vesicles act as physio/pathological carriers, which transfer their cargo to their 
target (cells or subcellular organelles) by fusing with their target membranes. 
Thanks to the mechanical properties of their membranes, these natural 
nanocarriers can achieve seemingly diametrical tasks: 1- undergo significant 
deformations and fuse with target membranes to deliver their cargos, and 2- 
maintain physical integrity without rupturing in dynamic biological environments. 
Hence, studying the mechanical properties of vesicular membranes under 
physiological conditions is of great significance for two main purposes: one, to 
understand how membrane mechanics facilitates biological processes such 
budding and fusion; and two, for designing novel drug/gene delivery systems. 
Measurement of deformation versus applied force (force spectroscopy) is the most 
direct way to study mechanical properties of liposomes, but due to technical 
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challenges experimental data are scarce and the majority of the available 
quantitative data for nanoscale liposomes stem from measurement on larger 
particles like giant vesicles. The main motivation for this research is to 
develop a novel analytical platform for measuring the elasticity of nanoscale 
vesicles that can overcome the drawbacks of the current-state-of-the-art 
technologies. 
1.2. Background 
1.2.1. Measuring elasticity of membranes 
Cells and subcellular organelles undergo significant morphological 
changes in their life course, which requires crucial bending on their membranes. 
Many biological processes such as division, endocytosis, exocytosis and fusion 
are examples of events that require morphological transformation. In the past 
decades there has been a growing interest in understanding membrane shapes and 
morphological changes during biological processes. Detailed knowledge of 
membrane elastic properties is thus required in order to better understand such 
morphological transitions. 
Theoretical models on elastic properties of bilayers were introduced more 
than three decades ago [1, 2] and ever since then, biophysicists have done a 
tremendous amount of work to evaluate the elastic properties of lipid bilayers. 
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Various techniques have been employed to collect data on the elasticity of 
membranes [3]. Even though a large variation in data has been observed between 
various methods and between works done by various groups [4], general trends 
evaluated by theoretical models have been experimentally confirmed.  
From very early days, the effect of lipid composition on vesicles elasticity 
has always been of interest. Many groups have investigated the effect of various 
lipids on membrane elastic properties [5-8]. A very well studied phenomenon is 
the effect of cholesterol on membrane elasticity [9-15]. Henriksen et al. [13]  
demonstrated that addition of cholesterol to 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) liposomes increased their stiffness, which led to the 
belief that cholesterol has a universal stiffening effect on lipid bilayers. More 
recent experiments, however, have suggested that the effect is lipid specific[14] 
and in fact for 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes, 
addition of cholesterol has no effect on particles bending rigidity. This has been 
confirmed in electrodeformation studies of DOPC microvesicles as well [15]. 
More recently, the effect of proteins and protein-lipid interactions especially on 
elasticity of biological membranes have gained a lot of attention [16-20]. Both the 
effect of membrane properties on protein conformation [17, 19] and the role of 
proteins on membrane curvature [16, 20, 21] have been demonstrated.  
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1.2.2. Deformation of nanoscale vesicles 
Despite technological advances in recent years [22] and the emerging 
interests in cellular/molecular mechanobiology [23, 24], the role of membrane 
mechanics in biology is still not fully understood. One area that lacks major 
exploration is the elastic properties of membranes on nanoscale vesicles. Physical 
and chemical characterization of nanoscale vesicles is a real challenge due to 
several reasons including their small size, their soft nature and the need to 
maintain them under physiological ionic solutions [25]. Therefore the majority of 
the available data on membrane mechanics stems from experiments on planar 
bilayers or giant unilamellar vesicles (GUVs), several microns in diameter. 
However, many biologically relevant species such as sub-cellular organelles, 
naturally-occurring vesicles, endosomes, exosomes or viruses are sub-micron. 
Considering the effect of membrane curvature on elastic properties, experimental 
data from microscale vesicles cannot be used to model nanoscale vesicles. Plus 
the fact that the mechanical properties of highly curved membrane formed in 
many biological processes such as fusion, fission, budding and etc. is expected to 
be closer to nanoscale vesicles rather than giant microscale vesicles as well. Thus 
it is of outmost importance to investigate membrane mechanics of nanoscale 
vesicles.  
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The key to study mechanical properties of materials is to measure their 
deformation (e.g. bending) under an applied force. In the past decades, a variety 
of techniques including micropipette aspiration [26], fluctuation analysis [11], 
atomic force microscopy (AFM) [12, 27], optical tweezers [28], and 
electrodeformation [29] have been used to measure bending rigidity of 
membranes. However these techniques are not suitable for nanoscale vesicles due 
to two key challenges: 1- to apply localized forces for manipulation of vesicles; 
and 2- to visualize deformation at nanoscale. Micromanipulation of large vesicles 
is usually done by direct force applications by micropipette aspiration. Direct 
force application at nanoscale can be achieved by cantilever tips such as those 
used in Atomic Force Microscopy (AFM). However, the small size and the soft 
nature of vesicles make this task very cumbersome and time-consuming. 
Visualization of vesicle deformation in most of the current techniques (except 
AFM) relies on direct light microscopy. Light microscopy, however, cannot 
visualize objects smaller than the light diffraction limit and therefore cannot be 
employed for studying nanoscale vesicles. Microscopy techniques with higher 
resolutions (e.g. electron microscopy, super-resolution microscopy) impose other 
technical limitations that make them inappropriate for nanoscale vesicles. For 
example, conventional electron microscopy requires dried samples under vacuum 
and super-resolution microscopy usually visualize localized fluorescent signal but 
cannot resolve the entire structure of nanoscale vesicles.  
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Currently, the only technique that can address both challenges for 
mechanical characterization of nanoscale vesicles is AFM. In fact AFM has been 
used for force-deformation analysis of small nanoscale vesicles [25, 30], but as 
mentioned above at such small scales, conducting AFM experiments is a very 
demanding task.  AFM measurements are done on flat surfaces; hence vesicles 
have to be chemically immobilized on a flat rigid substrate, which can be a 
tedious task. In addition, probing soft nanoscale vesicles with the AFM tip can 
drag the particles or even tear their membranes. While recent advances have 
addressed some of these drawbacks [31-33], a more important limitation of AFM 
is its intrinsic low throughput. The operator has to scan the field of view at high 
resolutions to find single nanoscale particles, before proceeding with 
measurements. A soft vesicle is likely to move or deform when the operator is 
trying to locate the position of the particle, which requires readjustment of the 
cantilever. Measurement on a single particle can take several minutes and the 
operator has to repeat the entire process for several particles without tearing the 
membranes in the process, to achieve sufficient statistics. Due to such time-
consuming and cumbersome nature of experiments, many AFM studies on 
nanoscale vesicles report data on a low number (< 100) of particles [34, 35]. Low 
statistics compromises the accuracy of measurements particularly for vesicle 
samples that are intrinsically heterogeneous. Comparison of mechanical 
properties measured from a few particles with biological functional data collected 
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from bulk population can hardly establish meaningful correlations because a few 
particles do not truly represent the bulk of the population. Thus, novel engineering 
tools that enable characterization of nanoscale vesicles without the limitations of 
current state-of-the-art techniques are of great interest. 
1.2.3. Electromechanical manipulation of vesicles 
Indirect field-controlled manipulation of vesicles can be achieved by 
electrodeformation. Electrodeformation is deformation of vesicles under the 
influence of electric fields. The underlying physics of electrodeformation has 
thoroughly been studied by several groups and detailed discussions can be found 
elsewhere [36-39]. In short the deformation is caused by energy minimization 
achieved by the balance between curvature elastic energies and the work done by 
Maxwell stresses.  The lipid bilayer of vesicles are impermeable to ions, therefore 
in the presence of an electric field, free charges brought by conduction from the 
bulk accumulate on the membrane surfaces and give rise to a potential difference 
across the membrane. Interaction between the electric fields and the accumulated 
charges on the surface give rise to forces on the membrane. A balance between 
these forces, the surface tension as well as electrohydrodynamics flow inside the 
vesicle will cause deformation. The shape of the deformed vesicles is determined 
by the conditions of the applied electric field as well as fluid properties inside and 
outside the vesicle. Generally the shapes are ellipsoids and fall into two main 
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categories (Figure 1.2): prolate ellipsoid (spheres stretched in the direction 
parallel to the electric field) and oblate ellipsoids (spheres stretched in the 
direction perpendicular to the electric field) [39, 40]. 
 
 
Figure ‎1.1 Electrodeformation of vesicles; Depending on the conditions of the 
electric field and the fluid properties inside and outside vesicles, they can deform 
into (a) prolate and (b) oblate ellipsoids. (Adapted from [40, 41])  
 
 
Electrodeformation is a well-studied phenomenon and has been previously 
used for mechanical characterization of microvesicles [37, 38] and cells [15, 42, 
43]. Electrodeformation provides a cantilever-free method to manipulate vesicles 
both at microscale and nanoscale. However, the visualization of deformation in 
current electrodeformation studies still rely on optical microscopy [40, 41], and 
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therefore cannot be applied to nanoscale vesicles.  While indirect methods such as 
measuring the turbidity of the solution under polarized light has been employed to 
study electrodeformation and poration of small nanoscale vesicles [44, 45], these 
methods cannot reliably be used to measure membrane’s elastic properties due to 
the fact that field non-uniformities and size heterogeneity in vesicles cannot be 
accounted for with these techniques. In addition, unlike synthetic vesicles that can 
be filled with dyes or salt solutions, to provide contrast for electro-optical 
measurements, biological samples such as viruses and vesicles do not show 
enough contrast for electro-optical measurements. 
1.2.4. Solid-state nanopore platforms 
Solid-state nanopores were developed almost a decade ago as an 
alternative to protein nanopores [46] for next-generation sequencing of DNA 
molecules [47], but in recent years they have drawn significant attention as a 
bioanalytical tool [48] to study various analytes including nucleic acids [49-52], 
proteins [53-56], viruses [57-59], and nanoparticles [60-63]. The key sensing 
paradigm is to monitor ionic current through a nanopore in a thin film (Figure 1a) 
that separates two chambers (cis and trans chambers) (Figure 1b). The nanopore 
behaves as an ohmic conductor and the baseline ionic current through the pore, I0, 
is determined by:  
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𝐼0 = 𝐺0𝑉   Equation 1.‎1.1 
 
Where V is the applied voltage and G0 is the conductance of the pore. G0 
can be defined by the geometry of the pore, ionic strength of the solution and the 
mobility of ions absorbed on the pore surface (modified from [47]): 
 
𝐺0 = 𝜎 [
4𝐿
𝜋𝐷2
+
1
𝐷
]
−1
+
𝜇𝜎𝜋𝐷
𝐿
   Equation 1.‎1.2 
 
Where 𝜎 is the mobility of ions in solution; L is the length of the pore; D 
is the diameter of the pore; and 𝜇 is the mobility of ions absorbed on the charged 
surface of the pore. 
 Once analytes (molecules or particles) are added in the solution, they are 
transported through the pore by a combination of diffusion, electrophoresis and 
electroosmosis [64]. Presence of a particle inside the pore (Figure 1b), changes 
the conductance of the pore and causes unique modulation of the ionic current 
(resistive pulse or current blockade event) (Figure 1c).  The characteristics of a 
resistive pulse such as amplitude, ΔI, and full width at half maximum, ΔT, can 
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describe various properties of the translocating particle. These properties include, 
size, shape, surface charge and etc. 
 
 
 
Figure ‎1.2. (a) Schematic illustration of nanopore resistive pulse sensing. Two 
Ag/AgCl electrodes are used to apply a bias voltage across the pore and temporal 
changes in the ionic current through the pore is recorded during particle 
translocation. (b) Example of ionic current measurement with phosphate buffer 
saline solution before and after adding nanoparticles at an applied voltage of 1 V. 
(c) Magnified view of a single resistive pulse in (b);‎I0‎is‎the‎baseline‎current;‎ΔI‎
and‎ ΔT‎ denote‎ the‎ height‎ and‎ the‎ full‎ width‎ at‎ half‎ maximum‎ of‎ the‎ signal,‎
respectively. 
 
 
ΔI for a globular particle with width (dimension perpendicular to the pore 
axis), r, and length (dimension parallel to the pore axis, l, (Figure 1b) can be 
defined as [53, 65]: 
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∆𝐼 = 𝐼0
𝛬
𝐻𝑒𝑓𝑓 𝐴
[1 + 𝑓(
𝑟
𝐷
,
𝑙
𝐻𝑒𝑓𝑓
)]     Equation 1.‎1.3 
 
Where ΔI is the amplitude of the resistive pulse, Λ is the volume of the 
translocating analyte, Heff is the effective length of the pore, Apore is the cross 
section area of the pore and the term 𝑓(
𝑟
𝐷
,
𝑙
𝐻𝑒𝑓𝑓
) represents a function of l, r, D 
and Heff. By measuring the ΔI of each event one can describe the size and shape of 
the translocating analyte. If the size of a globular analyte (its volume) is known 
prior to measurements, equation 1.3 can be used to estimate the geometry of the 
analyte by determining the aspect ratio (
𝑙
𝑟
) of particles. Thus, nanopore resistive 
pulse sensing can provide a unique tool to describe the geometry of deformed 
vesicles by electrical measurements, which circumvents the limitations of optical 
microscopy.  
Other characteristics of resistive pulse can also be used to determine the 
properties of nanoscale vesicles. For example, the width of the pulse (ΔT) 
measured by full width at half maximum (FWHM) (Figure 1d) describes the 
translocation time of the analyte through the pore, which is a function of size and 
surface charge of the analyte.  
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1.2.5.  Nanopore fabrication 
While early works in nanopore sensing was accomplished by using naturally 
occurring biological pores such as alpha-hemolysin, the lack of mechanical 
stability and limitations in terms of geometry and properties inspired development 
of synthetic nanopores, called solid-state pores. In recent decade, a variety of 
techniques and substrates have been used to fabricate solid state nanopores of 
various sizes, shapes, surface properties and etc. In general these solid-state pores 
can be categorized into two groups: 1- capillary nanopores, and 2- membrane 
nanopores. Capillary pores are generally made out of glass capillaries by fiber 
pulling techniques similar to micropipette fabrication. Membrane nanopores are 
fabricated by drilling a nanoscale pore in a thin film that is supported on a flat 
substrate. The drilling can be done by several techniques including chemical 
etching, focused ion beam (FIB) sculpting, transmission electron microscopy 
(TEM), and dielectric breakdown. The choice of the membrane substrates and the 
drilling technique is made based on the functional requirements and the 
availability of the necessary technologies. are used to make solid-state Thanks to 
their mechanical stability, chemical resistance, and easy functionalization 
capabilities, silicon based materials including silicon nitride (SixNy) and silicon 
dioxide (SiO2) are widely used for nanopore fabrication. Even though other 
materials have been introduced in recent years in order to improve nanopore 
performance particularly for better spatial resolution or signal/noise 
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characteristics, silicon nitride remains the most commonly used nanopore thanks 
to its lower cost, ease of fabrication and wide-spread availability of the wafer-
processing technologies. 
 
 
Figure ‎1.3 schematic illustration of nanopore fabrication: (a) microchip 
fabrication with chemical vapor deposition (CVD), photolithography (PL), dry 
and wet etching; (b) pore drilling with focused ion beam (FIB) or transmission 
electron microscopy (TEM); (c) electron microscopy images of nanopores and 
nanopore arrays with various size and shapes: (i-v) scanning electron microscopy 
(SEM) images (vi-ix) and transmission electron microscopy (TEM) images of 
various pores. 
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Silicon nitride (SixNy) nanopores are fabricated in two steps: 1- microhip 
fabrication to make a free-standing thin film nitride on a silicon substrate. 2- pore 
formation. For microchip fabrication, silicon wafers are deposited with thin (30-
200 nm) silicon nitride by chemical vapor deposition, followed by 
photolithography and dry etching to open an etch pit on the back of the chip. 
KOH wet etching is then used to etch the Si substrate and open a window on the 
back side of the chip (figure 1.3a). Pore formation is done by focused ion beam 
(FIB) sculpting or by high energy electron beam drilling (figure 1.3b). Figure 1.3c 
shows a series of electron microscopy images of pores with various shapes and 
sizes.  
1.2.6. Experimental set-up for resistive pulse sensing 
As discussed above resistive pulse sensing is based on measuring ionic 
current through a nanopore. In order to do resistive pulse sensing with nanopores, 
a nanopore-containing microchip is sealed between two flow cells with 
polydimethylsiloxane (PDMS) gaskets. PDMS allows achieving a good seal and 
reduces the noise in current measurement. The channels in the flow cells are then 
filled with buffer solution containing concentrated potassium chloride and are and 
the cells are placed inside a Faraday cage. The Faraday cage is used to cancel the 
noise caused by electromagnetic waves. Ag/AgCl electrodes connected to a 
headstage and a patchclamp amplifier are then used to measure ionic current 
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through the pore. The patch clamp amplifiers have built in analog filters to cancel 
low frequency noise and improve signal/noise detection. The ionic current is then 
converted into digital signal by a digitizer and is recorded on a computer for 
further processing. 
1.2.7. Signal processing 
Post-processing of the recorded current trace from resistive pulse sensing 
is commonly used in order to detect translocation events. This involves baseline 
detection and correction as well as event detection. A moving average method is 
conventionally used to correct for the baseline drift. Then a threshold is used to 
find resistive pulse events.  
Various groups in the nanopore field have used different methods for 
event detection. Some use a user-defined threshold while others prefer using 
multiple standard deviations of the current trace. For the latter, some groups pick 
the standard deviation of the entire recorded trace (including events) and others 
use some initial points to avoid the effect of translocation events on the standard 
deviation. For this thesis, we employed an iterative algorithm similar to what was 
recently reported by Plesa and Dekker [66]. Initially multiple standard deviation 
of current data is used as the threshold to detect translocation events. These events 
are then removed from the current trace and the process is repeated for this new 
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trace until the standard deviation of the data remains within 1% of the previous 
step. Once all the events are removed from the current trace, six times the 
standard deviation of baseline noise (current with all the events removed) is used 
as a threshold to find the events in the original raw data. While this is costly in 
terms of computation time, it gives the most accurate results compared to other 
methods and can be reliably used to compare several samples because the event 
detection threshold is not affected by the translocation events at all. Figure 1.4 
illustrates the event detection process for a sample current trace. 
Once the translocation events are detected, characteristics of each event 
such as baseline, current drop amplitude and translocation time are extracted for 
each event and population level statistics are generated. Distributions of pulse 
characteristics are then analyzed and most probable values are extracted and used 
to describe the properties of the translocating analyte. 
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Figure ‎1.4. Signal processing of a sample current trace. (a) Using an iterative 
algorithm, the baseline noise (orange) is separated from translocation events 
(blue) and the average baseline (middle white line) is found by taking a moving 
average of the baseline noise. (b) 6x standard deviation of the baseline noise is 
used as threshold to detect translocation events from noise. 
 
 
1.3. Objectives 
Analytes experience a strong electric field as they pass through a 
nanopore; hence translocation through the pore is analogous to the application of 
a strong DC pulse. As discussed in section 1.2.3, vesicles deform under such a 
strong DC pulse; therefore a nanopore can be used as a tweezer to deform a single 
vesicle. Concurrently, resistive pulse measurements can be used to characterize 
the extent of deformation as discussed in section 1.2.4. Hence, nanopores can be 
used as a platform to analyze the mechanical properties of nanoscale vesicles. 
Such platform can overcome the two main challenges in nanoscale vesicle 
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studies: 1- Low-throughput, time-consuming methods to apply forces on vesicles 
(with micropipettes, tweezers or cantilevers) are avoided by employing localized 
electric field inside the pore. 2- Limited resolution in optical microscopy is 
overcome by electrical measurements; and 
In this thesis we aim to build a nanopore-based platform to characterize 
the elastic properties of nanoscale vesicle. While development of a fully 
operational and optimized analytical platform may require several years and 
extensive research beyond the scope of this thesis, here the objective is to focus 
on laying the theoretical foundations and demonstrate proof-of-the-principle 
experiments with model systems including synthetic liposomes and HIV-1 
pseudoviruses. To achieve our main objective, three specific aims are 
investigated: 
Specific Aim 1:   Perform proof-of-the-concept experiments which 
demonstrate the dependence of resistive pulse signal on 
particles’‎elasticity 
In this aim, we compare the resistive pulse of rigid and soft nanoparticles in 
order to identify pulse characteristics that can describe deformation. Furthermore 
a panel of synthetic liposomes with varied mechanical properties will be used to 
demonstrate that deformation in nanopores correlates with mechanical properties.  
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Specific Aim 2:   Develop theoretical models that describe the morphology 
of deformed vesicles based on resistive pulse signals 
In this aim we use numerical simulation to relate the characteristics of the 
resistive pulse signal identified in aim 1 to the morphology of deformed vesicles. 
In other words, compared to the qualitative comparison done in aim 1, here we 
use theoretical models to better describe the geometry of the deformed particles. 
Specific Aim 3:   To demonstrate the application of nanopore-resistive 
pulse sensing for studying deformation of natural 
biological nanovesicles such as viruses 
In this aim, we analyze HIV-1 pseudoparticles as model biological 
nanovesicles to demonstrate the ability of nanopore resistive pulse sensing in 
characterization the mechanical properties of biological samples.  
Completion of these specific aims will establish the feasibility of nanopore 
technology as a novel tool to measure mechanical properties of nanovesicles. This 
novel technique will enable characterization of nanoscale vesicles at a single-
particle level and improves on the current state-of-the-art technologies in terms of 
throughput. In addition, this research provide a multidisciplinary approach to 
obtain a unique insight into membrane deformation at nanoscale, which can open 
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the door to answer fundamental questions about the role of membrane mechanics 
in biological functions such as membrane fusion. 
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CHAPTER 2. The Effect of Lipid Composition on Membrane Elasticity of 
Nanoscale Vesicles 
 
 
2.1. Introduction 
In the past few years, there has been a growing interest for using 
nanopores to characterize soft nanoparticles such as vesicles [67, 68], viruses [57, 
69], viral capsids [70] and exosomes [71], but to the best of our knowledge their 
morphology inside nanopores has not been addressed. Several groups have 
already demonstrated that forces inside nanopores [72] can stretch DNA 
molecules [73] and unfold proteins [74-78]. In fact force-deformation relationship 
has been used to study biophysical characteristics of single molecules, but the 
effects on larger particles are poorly understood. Few studies have addressed 
deformation of nanoparticles [79] and liposomes [80] in a nanopore due to 
osmotic or hydrostatic pressure, however electrodeformation of soft particles in a 
nanopore has mostly been ignored. Recently, we reported a voltage-dependent 
behavior in resistive pulse signal of nanoscale liposomes[81], which led us to the 
hypothesis that electrodeformation occurs inside nanopores. While we 
demonstrated a clear difference between soft liposomes and rigid particles, a 
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correlation between membrane elasticity of vesicles and their respective resistive 
pulse characteristic has yet to be established. 
Here we use ~100 nm liposomes as model analytes to study the 
electrodeformation phenomena inside nanopores. The main objective is to obtain 
a more comprehensive understanding of vesicle deformation in nanopores. 
2.2. Materials and Methods 
2.2.1. Reagents 
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) were purchased from Avanti Lipids 
Inc. All other reagents were from Sigma Aldrich. 
2.2.2. Nanopore fabrication 
Nanopore fabrication was done following the general procedure described 
in section 1.2.5. A 200 nm thick SixNy film was deposited across a 500 µm thick 
silicon wafer using low-pressure chemical vapor deposition (LPCVD). 
Photolithography and standard KOH wet-etching was then used to make a 50 µm 
x 50 µm window on the silicon wafer leaving a free standing SixNy membrane on 
the window. Nanopores were drilled in the membrane using a FEI Strata DB 235 
FIB, using protocols described elsewhere [50, 82]. 
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2.2.3. Liposome production 
Liposomes were prepared by conventional extrusion method. Lipid 
solutions in chloroform were used to make a thin film by rotary evaporation 
technique. DOPC and POPC liposomes were prepared by evaporation of 10 mM 
concentration of lipid in chloroform. Cholesterol-containing liposomes 
(DOPC/Ch and POPC/Ch) were prepared by adding a 1 to 2 molar ratio of 
cholesterol to lipids. The thin films were rehydrated in Phosphate Buffer Saline 
(PBS) (pH = 7.4, 140 mM KCl) and were heated to 70 ºC. The solution was then 
extruded using membranes with 100 nm pores and a desktop mini-extruder by 
Avanti Lipids Inc.  
2.2.4. Rigid nanoparticle 
For rigid nanoparticle, polystyrene nanobeads were purchased from 
Polysciencec, Inc. 
2.2.5. Particle size measurements 
The hydrodynamic diameter of all samples were measured by dynamic 
light scattering (DLS) in a Delsa Nano instrument by Beckman Coulter. Diluted 
samples in PBS were used to measure intensity-weighted diameters of analytes 
and Gaussian distributions were fitted to histograms to find the peaks. Each 
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measurement was repeated 4 times and the average was used as hydrodynamic 
diameter of each sample.  
Transmission Electron Microscopy was used to examine the shape of 
liposomes and nanoparticles. 10 μl of diluted sample was dispensed on a carbon 
grid for 20 minutes at 4 C. The grids were then floated on a 50 μl drop of fixative 
solution (1% formaldehyde and 0.1% glutaraldehyde in PBS) at 4 C. The grids 
were then washed once in PBS and several times in water by floating them over 
50 μl droplets of liquids at room temperature. Subsequently, the excess liquid was 
removed by wicking with a filter paper and the grids were immediately floated on 
a 20 μl drop of 2% phosphotungstic acid for negative staining.  The excess 
staining solution was wicked with filter paper after 2 minutes and the TEM 
sample was air dried. The sample was imaged using a JOEL 2100 TEM 
instrument at an operating accelerating voltage of 120 keV. A similar protocol 
without fixing steps was used for TEM imaging of polystyrene particles. 
2.2.6. Resistive pulse sensing 
Resistive pulse sensing was conducted following the general procedure 
described in section 1.2.6. An in-house built flow cell and PDMS gaskets were 
used to seal the chip. Cis and trans chambers of the flow cells were filled with 
PBS. Ag/AgCl electrodes were prepared in house by treating silver wires in 
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bleach overnight and encapsulating the electrodes in PTFE heat shrinkable tubing. 
A 200 B Axopatch patch-clamp amplifier by Molecular Devices was used to 
record the current data. The samples were then added to the trans chamber and 
the current was recorded at a sampling frequency of 250 kHz and filtered by a 10 
kHz analog low-pass Bessel filter. The signal was digitized with an MD Digidata 
1440A digitizer and saved on a desktop computer.   
The procedure was repeated for all liposomes and rigid nanoparticle 
samples. Before recording data for each new sample, the nanopore was 
thoroughly cleaned in piranha solution (at 80°C) for 15 minutes. The open current 
(just PBS electrolyte without analyte) was monitored for several minutes to 
ensure that the conductance of the pore was the same and no trace of 
contaminants from previous experiments was left in the pore or flow cells.  
2.2.7. Signal processing 
Signal processing was done following the general method described in 
section 1.2.7. All signal processing and data plotting were done in MATLAB 
using codes and custom graphical interfaces developed in-house. For initial 
baseline correction we used 5 times standard deviation of the entire current trace 
(including resistive pulse events) and for final event detection we used 6 times 
standard deviation of the baseline noise. 
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2.3. Results and Discussion 
2.3.1. Nanopore fabrication and characterization 
We drilled round cylindrical nanopores, 250 nm in diameter, in a 200 nm 
thick silicon nitride membrane by using focused ion beam (FIB). We were able to 
fabricate pores of similar size in a reproducible fashion (figure 2.1a). For all the 
data collected in this chapter, we used a single nanopore. A TEM image of this 
pore is shown in figure 2.1b. As can be seen the pore is very round even though it 
is not completely circular. The effective diameter of the pore was calculated from 
the measuring the area of the nanopore and it was found to be ~252 nm. 
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Figure ‎2.1 Electron microscopy of 250 nm pore drilled in SixNy membranes. (a) 
SEM images of four different pores showing reliable reproducibility of the 
fabrication process. (b) TEM image of the pore used to collect all data in this 
chapter.  
 
We measured the open current (with PBs and no analyte) at varied applied 
voltages ranging from -0.8 V to 08.V. We repeated the measurement 5 times and 
plotted the average values as well as standard error in figure 2.2. A line was fit to 
the data points in order to fine the conductance of the pore. As shown in figure 
2.2, the pore conductance from the slope of this linear fit is measured to be ~44.6 
nS. 
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Figure ‎2.2  Conductance of the pore used in this chapter. A linear fit was 
performed on current measurement at varied applied voltages. The pore 
conductance from the slope of this linear fit is measured to be ~44.6 nS. 
 
 
2.3.2. Rigid nanoparticles and soft nanoscale liposomes 
The pore shown in figure 2.1b was used to compare translocation 
dynamics of various soft and rigid nanoparticles. For soft nanoparticles, we used 
liposomes prepared by the extrusion of varied lipid solutions. Particularly, we 
compared the translocation events of four liposome samples: 1,2-Dioleoyl-sn-
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glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) as well as liposomes made out of 1:2 molar ratio of 
cholesterol and DOPC (DOPC/Ch) or POPC (POPC/Ch). For rigid particles we 
used two different samples of polystyrene nanoparticles, ~120 nm (NP120) and 
~75 nm (NP75) in diameter, respectively. Figure 2.3 shows the size distribution of 
all six samples measured by dynamic light scattering (DLS) and representative 
Transmission Electron Microscopy (TEM) images of each particle population. As 
can be seen, the liposomes are generally comparable in size even though they are 
heterogeneous in nature with a positive skewness observed in DLS measurements. 
This skewness can be attributed to aggregation caused by the salt concentration in 
phosphate buffer saline (PBS), which was used to imitate the physiological 
conditions.  
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Figure ‎2.3 Size distribution of particles measured by dynamic light scattering as 
well as TEM images of each sample. All scale bars are 100 nm. 
 
TEM images of all samples show very round spherical particles. While the 
size of rigid polystyrene nanoparticles in TEM images is comparable to DLS 
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measurements, liposomes seem smaller under TEM due to liposome dehydration 
as they are dried in preparation for TEM imaging. Since nanopore experiments 
are done in solution, where liposomes are fully hydrated, we use the size 
measured by DLS as particles’ true size in solution. 
2.3.3. Resistive pulse sensing of liposomes and nanoparticles 
Nanopore resistive pulse measurements on all samples were done shortly 
after DLS measurements to avoid further aggregation. Examples of current traces 
recorded for each sample is shown in Figure 2.4. All liposomes samples and 
NP75 nanoparticles showed translocation events with minimal clogging events. In 
contrast, NP120 particles showed frequent pore clogging. In case of clogging 
during experiment, we manually declogged it by reversing the voltage or applying 
a cyclic biphasic voltage pulse of up to 4V of peak-to-peak height (Figure 2.5). 
Any events that was observed with a clogged pore (the baseline was lower than 
open current) were excluded from the data and only the ones with baseline similar 
to open current were kept.  
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Figure ‎2.4 Representative ionic traces for liposomes and polystyrene 
nanoparticles measured at an applied voltage of 1V. 
 
 
Figure ‎2.5 In case of clogging, the pore was manually declogged and the events 
observed when the pore was clogged were excluded from the data. 
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For all other samples except NP120, we were able to collect over 2000 
translocation events at a range of applied voltages from 0.2V to 1V and replicated 
the experiments twice using the same pore shown in Figure 2.1b. For NP120, 
frequent pore clogging made it difficult to collect as many events and therefore 
we only did the experiment with NP120 once and collected ~1000 events for that 
sample. In the rest of this chapter, error bars, wherever shown, represent the 
standard error in two replicate measurements for all samples except NP120.   For 
NP120 since we only measured resistive pulse currents once, the error bar 
represents standard deviation in one experiment. 
To avoid cross contamination, we flushed the fluidic cells with bleach, 
water and ethanol three times and cleaned the nanopore chip in hot piranha 
solution for 5-10 minutes. The pore conductance was measured before each 
experiment to ensure the pore condition remains the same and current trace with 
PBS was monitored to confirm no cross contamination between different samples. 
2.3.4. Liposome translocation through nanopores 
Analyte translocation through a nanopore is generally the result of 
diffusion, electrophoresis and electroosmosis. The diffusion drift is caused by the 
concentration gradient across the pore. The electrophoresis is the result of electric 
force on charged species in an electric field. The electroosmosis arises from the 
35 
 
Coulomb force on the electric double layer formed next to the charged surface of 
nanopores. The net force on the translocating analyte is therefore the resultant of 
the actions of these three processes [64]. The phosphocholine lipids that form the 
liposomes we used here are not charged at neutral pH; as a result liposomes’ 
surface charge is expected to be neutral under the experimental condition used 
here. Liposomes do get charged when in the electric field inside the pore; 
however the net surface charge remains neutral and therefore the electrophoretic 
forces on PC liposomes remain equal to zero. Therefore the translocation happens 
by combinatory action of diffusion and electroosmosis. Figure 2.6 shows the 
directions of diffusion and electroosmotic flow.  
Since diffusion occurs in the direction of concentration gradient, 
liposomes placed in one side of the nanopore will be forced by diffusion to go 
through the pore to the other side. Electroosmosis, on the other hand, pumps the 
liposomes in the opposite direction of the electric field regardless of the 
concentration gradient. That is because the walls of the pore in a silicon nitride 
membrane are negatively charged at neural pH and therefore negative ions are 
absorbed on its surface. These ions experience an electric force in the opposite 
direction of the applied electric field.  
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Figure ‎2.6 Diffusion occurs in the direction of concentration gradient but 
electroosmotic flow is in the opposite direction of the applied electric field 
independent of concentration gradient.   
 
 
When both diffusion and electroosmotic flow are acting in the same 
direction, they facilitate liposomes to overcome the entropic barrier of 
confinement inside nanopores and translocation events become frequent. In our 
experiments, translocation events were observed more frequently when liposomes 
were placed in the trans chamber rather than the opposite direction (figure 2.7). 
The data presented here were all collected for translocation from trans to cis 
chamber where diffusion and electroosmosis were in the same direction. For rigid 
polystyrene nanoparticles, there are some electrophoretic forces due to slight 
negative charges on their surface; however, the translocation direction was still 
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similar to liposomes suggesting that the electrophoretic force in the opposite 
direction was negligible. 
 
 
Figure ‎2.7  Current trance of POPC liposomes at varied applied voltages. 
Translocation events are much more frequent at positive applied voltages because 
diffusion and electroosmotic flow act in the same direction. 
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2.3.5. Distribution of resistive pulse amplitudes 
After translocation events for all samples were extracted using the signal 
processing method discussed above, resistive pulse characteristics were 
determined and population statistics were generated. Figure 2.8 represents the 
histogram of resistive pulse heights for all samples at varied applied voltages. 
 
 
 
 Figure ‎2.8 Histograms‎of‎ΔI‎values for all samples at all applied voltages. Note 
that the numbers of bins were selected using Freedman-Diaconis method. 
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There are two main differences observed between rigid particles and soft 
liposomes in terms of the distribution of resistive pulse heights (figure 1.8): 1- the 
distribution of pulse heights increases with applied voltage for rigid particles but 
they remain almost constant for soft liposomes; 2- The distributions are close to 
Gaussian for rigid particles but for soft liposomes there are very much positively 
skewed. 
Using equation 1.1.1, one expects that the baseline current linearly 
increases with the applied voltage as the pore behaves similar to an ohmic 
conductor. Similarly, the current of a blocked pore should linearly depend on the 
applied voltage as long as the geometry of the blocking analyte is independent of 
the applied voltage: 
𝐼𝑏𝑙𝑜𝑐𝑘𝑒𝑑  𝑝𝑜𝑟𝑒 = 𝐺′ × 𝑉    Equation ‎2.1 
 Where G′  is the conductance of the pore blocked with analyte. Since the 
pulse height can be written as the difference in current between open and blocked 
pore: 
∆𝐼 = 𝐼𝑜𝑝𝑒𝑛 −  𝐼𝑏𝑙𝑜𝑐𝑘𝑒𝑑  𝑝𝑜𝑟𝑒 = (𝐺0 − 𝐺′) × 𝑉  Equation ‎2.2 
From equation 2.2, it is clear that resistive pulse height should linearly 
increases with applied voltage if the term G0 − G′ remains constant. Comparing 
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the most probable value of pulse heights (peaks in the histograms of figure 2.8) is 
illustrated in figure 2.9.  
 
 
Figure ‎2.9 Dependence of resistive pulses on applied voltage. Most probable 
amplitude‎ of‎ resistive‎ pulse‎ (ΔI)‎ for‎ all samples at all applied voltages. As 
depicted by the legend in the right, the bars from left to right represent an applied 
voltage of 0.2-1 V with an interval of 0.1V. Error bars represent standard error of 
means in two replicate experiments for all samples except NP125. For NP125, the 
error bar shows standard deviation of one experiment. 
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As expected, the most probable ΔI values of rigid particles, NP75 and 
NP125, increases linearly with applied voltage confirming constant ohmic 
resistance independent of voltage for rigid particles. However, ΔI values of 
liposomes do not increase with applied voltage, suggesting a non-ohmic behavior 
of liposomes. Such non-ohmic behavior can arise from several factors. We further 
discuss possible scenarios that non-ohmic behavior of liposomes. 
2.3.6. Liposome capacitance and translocation time 
Unlike rigid nanoparticles liposomes act as a capacitor, and therefore their 
capacitive charging can possibly be responsible for their non-ohmic behavior 
inside nanopores. Since the lipid bilayer is impermeable to ions, in the presence of 
electric field free charges brought by conduction from the bulk accumulate on the 
membrane surfaces and give rise to a potential difference across the membrane. 
Thus, just like a capacitor, liposomes can take part in the conduction process as 
they draw current until fully charged. In other words, while liposomes charge, the 
current drop would not be as intense as it is for a pure resistor (i.e. solid particles). 
For an initially charge-free spherical liposome with known radius, a, the capacitor 
charging time, tm, can be calculated from the equation [40]: 
𝒕𝒎 = 𝒂𝑪𝒎 (
𝟏
𝝈𝒊𝒏
+
𝟏
𝟐𝝈𝒆𝒙
) Equation ‎2.3 
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Where Cm is the membrane capacitance and σin and σex are the solution 
conductivities inside and outside the liposome, respectively. Under the conditions 
of our experiments, with σin and σex  equal to 1.489 S.m
-1
, Cm ~0.01 F.m
-2
 [37], 
and a ~100-125 nm, the capacitor charging time of the membrane is estimated to 
be ~0.5 ns. The translocation time of liposomes through nanopores, as measured 
by full width at half maximum (FWHM) of the resistive pulse, is 60-200 µs 
(Figure 3b), which is four orders of magnitude larger than the capacitive charging 
time. In other words, the liposomes are almost instantaneously charged and the 
charging time would play no role in the pore conductance. In addition, at a 
sampling frequency of 250 kHz for current measurements, the temporal resolution 
is not sufficient to observe the effect of liposomes’ capacitive charging. Hence, 
the difference in ΔI trends between liposomes and rigid nanoparticles cannot be 
explained by the capacitive charging of liposomes.  
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Figure ‎2.10 Most probable translocation times for all samples at all applied 
voltages. All error bars show standard error of the means in two replicate 
experiments except for NP120, where error bars show standard deviation in one 
experiments. 
 
2.3.7. Liposome trajectory and symmetry of resistive pulse 
Another  scenario to consider is the dependence of resistive pulse shape on 
particle trajectory in a low-aspect-ratio pore that was recently reported by Tsutsui 
et al. [83] Since the nanopore used in this work was 200 nm in length and 250 nm 
in diameter, it can be considered a low aspect ratio pore. As suggested by Tsutsui 
et al [83], an off-center translocation through the pore can cause current blockade 
events with larger amplitude than translocation through the center of the pore. 
These off-center translocations will have an asymmetric skewed shape with larger 
falling time than rising [83]. If increasing voltage in our experiments can force 
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liposomes to go through the center of the pore, we can expect attenuated resistive 
pulse amplitudes, which can manifest as constant ΔI when the increased baseline 
current at higher voltages is considered. We examined the shape of our resistive 
pulses for asymmetric events like those reported by Tsutsui et al.[83] Figure 2.11a 
illustrates an overlay of over 100 typical resistive pulses for DOPC, POPC and 
NP75 at low, mid and high range voltages. All the events are very symmetric, 
suggesting that the particles are passing through the center of the pore. In fact, the 
ratio of falling time to rising time of the resistive pulse signals remains about 1 for 
all samples at all voltages as depicted in figure 2.11b. Therefore, the voltage-
dependent trend of liposomes current blockades cannot be explained by the 
trajectory of liposomes’ translocation through the pore. 
45 
 
 
Figure ‎2.11 Symmetry of resistive pulse events. (a) Overlay of more than 100 
resistive pulse traces at low (0.2 V), mid (0.6 V) and high (1V) applied voltages 
for DOPC, POPC and NP75. (d) The average rise time to fall time ratio of 
resistive pulses for all samples. All error bars except for NP125 are the standard 
error of the means from two replicate experiments. Error bars of NP125 are 
standard deviations in one experimental measurement. 
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2.3.8. Bias in event detection algorithm 
A major aspect of resistive pulse sensing is signal processing especially 
for event detection. The common practice is to use a threshold to separate 
translocation events from the baseline current. At lower applied voltages, the 
signal-to-noise ratio of resistive pulse signal reduces and therefore there is a 
chance that a portion of translocation events are missed in event detection 
algorithms due to poor signal-to-noise ratio. Theoretically it is possible to 
hypothesize a scenario where small particles go undetected at low applied 
voltages, while at increased voltages with better signal-to-noise ratios, their 
resistive pulse becomes apparent. In other words there is a chance that the event 
detection algorithms for solid-state nanopore signals are biased toward larger 
particles at low voltages. As a result of such bias, the distribution of ΔI can shift 
to smaller values when the voltage is increased, and because the baseline current 
increases with voltage as well, such shift toward smaller values can produce an 
artifact similar to the constant ΔI observed for liposomes. However, our results 
with smaller rigid nanoparticles, NP75, show that the event detection algorithm 
can perfectly pick up small ΔI values almost two times smaller than the most 
probable ΔI detected for liposomes at 0.2V. The baseline noise in all our 
experiments was comparable and we used an unbiased event detection algorithm 
by using the standard deviation of baseline noise (See section 1.2.7 and 2.2.7) to 
detect the translocation events of all samples. Thus, the signal processing and 
47 
 
event detection algorithms cannot be responsible for the observed trends in the 
data. 
2.3.9. Liposome Deformation 
Finally liposome deformation can cause the non-ohmic behavior seen in 
the resistive pulse because a change in the geometry of liposomes would change 
their resistance as well. As discussed above, liposomes capacitance, translocation 
dynamics and event detection algorithms cannot explain the trends in our ΔI data. 
Hence, the only possible explanation can be a change in shape or size of 
liposomes that is dependent on applied voltages. In fact, at the lowest applied 
voltage, 0.2V, the most probable ΔI values (Figure 3a) are higher for liposomes as 
is expected from their larger size event though smaller than rigid particles of 
similar size (NP120). In stark contrast, at 1V the ΔI value of NP75 is ~3 times 
higher than that of the liposomes, suggesting that the liposomes are undergoing 
significant deformation. Furthermore, larger NP120 rigid particles, that were 
comparable in size to liposomes (Figure 2), caused pore clogging much more 
frequently than liposomes (See section 2.3.3 and figures 2.4 and 2.5), confirming 
that liposomes do in fact undergo deformation as they translocate through the 
pore.  
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Moreover, the skewness of ΔI distributions for liposomes may further 
suggest that their geometry is deviating from spherical particles. The ΔI values for 
rigid polystyrene nanoparticles show a normal Gaussian distribution (figure 2.8). 
This is expected for nanopore translocation events [84, 85]; however, the 
distributions are very positively skewed for all liposome samples. The skewness 
might be attributed to the fact that the liposome’s size distributions were also 
skewed (figure 2.3). But, the NP120 particles, which were skewed in DLS 
measurements as well, did not show skewness in ΔI. Thus the skewness may not 
necessarily be the result of particle size distribution. Interestingly, skewed ΔI 
distributions have been increasingly observed over the past few years, and in most 
cases it has been attributed to the shape of the translocating analyte and its 
orientation within the pore [86]. For example, unimodal positively skewed 
distributions similar to what we have observed here, was reported for bovine 
serum albumin and fibrinogen [53]. Although the authors did not discuss the ΔI‎
distribution, it is noteworthy that the shape of the translocating molecules in their 
work was also elliptical with high aspect ratios [53]. This is very intriguing 
because to the best of our knowledge it is the only other report with a unimodal 
positively skewed ΔI distribution, and the morphology is similar to what we 
expect for deformed liposomes. As suggested recently [86], the resistive pulse 
signal and the distributions of pulse characteristics can be used to accurately 
characterize the shape of a single protein molecule. Similar analysis for larger 
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particles such as liposomes can be of great interest in order to better predict the 
shape of deformed liposomes and infer quantitative mechanical properties. 
2.3.10. Morphology of deformed liposomes 
In order to compare the effect of lipid compositions on liposome elasticity, 
one can compare their resistive pulse heights. However, as described by equation 
1.1.3, pulse height is a function of baseline current, pore geometry and particles’ 
dimension, therefore, direct comparison of ΔI values cannot be a good index for 
comparing elasticity. For example, despite the significant difference between the 
ΔI values of NP75 and NP120, we do not expect any difference in their elasticity. 
Using equation 1.1.3 and simple rearrangements we have: 
∆𝐼
𝐼0
=
𝛬
𝐻𝑒𝑓𝑓 𝐴
[1 + 𝑓(
𝑟
𝐷
,
𝑙
𝐻𝑒𝑓𝑓
)]     Equation ‎2.4 
Since the geometry of the pore remains constant during the resistive pulse 
experiment, the right-hand side of the equation 2.4 is only a function of the 
particle’s dimension (r and l). Knowing the initial radius of the translocating 
particle we can dimensionless aspect ratios (
𝑟
𝐷
) and  (
𝑟
𝑙
) and write: 
∆𝐼
𝐼0
= 𝑓′(
𝑟
𝐷
 ,
𝑟
𝑙
)  Equation ‎2.5 
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In other words, normalized resistive pulse heights (
∆𝐼
𝐼0
) can describe the 
aspect ratio of particle size to pore size as well as the aspect ratio of the particle. 
which can be a good indicator of particle deformation. Figure 2.12, shows the 
most probable value of 
∆𝐼
𝐼0
 values for all samples at all applied voltages. 
 
 
Figure ‎2.12 Normalized current drop values for all samples. Most probable 
values for all samples at all applied voltages are plotted. All error bars show 
standard error of the means in two replicate experiments except for NP120, 
where error bars show standard deviation in one experiments. 
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In figure 2.12, it is clear that the 
∆𝐼
𝐼0
 values drop significantly for all 
liposomes but remain constant for rigid nanoparticles. From equation 2.5, it can 
be seen that  
∆𝐼
𝐼0
 value of translocating spheres (
𝑟
𝑙
= 1) depends only on the ratio of 
the particle width to pore diameter (
𝑟
𝐷
). Thus the almost constant 
∆𝐼
𝐼0
 values for 
rigid particles confirm the fact that their geometry remains constant independent 
of applied voltage. For liposomes, 
∆𝐼
𝐼0
 values drops significantly with increasing 
voltage, which suggests that the ratio of the particle width to pore diameter (
𝑟
𝐷
) is 
decreasing. Since the diameter of the pore remains constant during the 
experiment, the width of liposomes is decreasing. Hence the morphology of 
deformed liposomes can be estimated by prolate ellipsoid.  This is in agreement 
with the results from electrodeformation studies. For liposomes filled with 
solutions of similar conductance to the bulk solution (σin/σout = 1), the morphology 
is a prolate ellipsoid (
𝑟
𝑙
 < 1) [36].  In fact, a liposome translocating through a 
nanopore experiences a sudden change in the applied electric field (a pulse). 
Taking the translocation time (50-100 μs) into consideration, the nanopore 
translocation is analogous to applying a strong DC pulse of duration 50-100 μs (or 
an AC field of 20-40 kHz). Comparing these numbers with theoretical models that 
describe the morphology of the deformed liposomes [36] confirms a prolate 
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morphology. While these theoretical models have been developed for microscale 
liposomes and may not directly be applicable at nanoscale, the general 
mechanisms and morphologies should be similar even at nanoscale. In fact, 
experimental data with liposomes comparable in size to our samples, have 
suggested that electrodeformation occurs at nanoscale [44, 45]. Even though, due 
to diffraction limits, the exact morphology cannot be imaged at nanoscale, 
complex optical turbidity measurements have predicted that the deformed 
liposomes are prolate ellipses [45]. Thus, it is reasonable to conclude that 
liposomes will undergo electrodeformation as they pass through nanopores and 
their morphology should be prolate ellipsoids.  
2.3.11. Comparison between different liposomes 
Liposome elasticities can be qualitatively compared by comparing the 
resistive pulse characteristics of different samples. One way to compare 
liposomes elasticities is to directly compare ΔI distributions of DOPC vs. POPC 
liposomes. As was discussed in section 2.3.9, the skewness of ΔI distributions 
might be an indicator of extent of deformation. In fact comparing DOPC 
liposomes with POPC liposomes, we notice that histograms of ΔI values for 
DOPC liposomes are more skewed than that of POPC liposomes (figure2.8). This 
suggests that DOPC liposomes are deforming more than POPC liposomes, which 
is in agreement with their lower bending rigidities [87, 88]. In order to compare 
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the effect of cholesterol one can compare the slope of the drop in the 
∆𝐼
𝐼0
 values. 
From qualitative comparison of our data in figure 2.12, it seems that cholesterol 
does not have a significant effect on liposome deformation. However, the effect 
on POPC liposomes is more apparent than on DOPC liposomes. That is in well 
agreement with the fact that cholesterol does not change the rigidity of DOPC 
liposomes but causes stiffening of POPC liposomes.  
2.4. Conclusions 
In this chapter we demonstrated that nanoscale liposomes can undergo 
deformation as they translocate through a solid-state nanopore. This was 
confirmed by observing the change in normalized resistive pulse heights at 
increasing applied voltages. Based on the pulse heights, we determined that 
liposomes assume a prolate ellipsoid morphology, in agreement with the results 
from electrodeformation experiments. Furthermore, qualitative comparison 
between different liposomes was made and the effect of cholesterol was 
discussed. While the difference between rigid particles and soft liposomes are 
clear, comparison between different liposomes do not show much difference. In 
other words the sensitivity of the method should be improved before we can 
compare soft particles of varied membrane elastic properties. In the next chapter, 
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we will look into certain theoretical modeling that can help to identify differences 
between different liposomes.  
In conclusion, resistive pulse sensing in solid-state nanopores can be used 
to compare rigid and soft nanoparticles. While accurate quantitative 
measurements require further experiments, in depth analysis of the underlying 
physics, theoretical modeling of liposome electrodeformation, as well as 
optimization of the experimental technique in several fronts, the findings here can 
collectively serve as the proof-of-the-principle and lay down the framework for 
future studies. 
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CHAPTER 3. Investigation of the morphology of deformed nanoscale vesicles 
with finite element simulation 
 
 
3.1. Introduction 
In the previous chapter we demonstrated that nanoscale vesicles deform 
into prolate ellipsoids as they translocate through nanopores. However, the 
dimensions of these prolate geometries were not described. As a result 
comparison between different liposomes could only be limited to qualitative 
comparison of general trends. In this chapter, the aim is to gain a more detailed 
view of the geometry of the deformed liposomes by using theoretical models that 
can make a correlation between resistive pulse characteristics and the geometry of 
translocating analyte. 
In the past, several groups have used atomistic models and molecular 
dynamics simulation to study translocation of small molecules such DNA and 
proteins through nanopores [89-93]. However due to computational limitations, 
these models cannot be applied to larger systems. Therefore, continuum models 
are used to study the kinetics of larger particle translocation through nanopores. 
Numerical simulation with finite element methods are commonly used to model 
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translocation through nanopores [60, 63, 84, 94-97]. In these models, coupled 
Poisson, Nernst-Plank and Navier-Stokes (PNPS) equations are solved to model 
electrostatistics, ion transport and electroosmotic flow inside nanopores. (PNPS). 
For example, Liu et al. [63]  used such a model to predict the open pore 
conductance of solid-state nanopores fabricated with different methods; and 
Venta et al. [96] simulated the resistive pulse events due to translocation of gold 
spheres and nanorods through a small nanopore. Here, we use a similar method to 
simulate resistive pulse events of elliptical and spherical particles in order to 
obtain a numerical solution for equation 2.5. Since general discussion of the 
assumptions, boundary conditions, validity and applications of the PNPS models 
for nanopore translocation experiments can be found elsewhere[97, 98], we only 
discuss the specific details pertaining to our model in this chapter. 
3.2. Materials and Methods 
3.2.1. Multiphysics simulation in COMSOL 
A finite element model based on the work by Prabu et al. [60] was used to 
solve coupled Poisson, Nernst-Plank and Navier-Stokes equations. Similar to 
previous reports in literature [60], we used a 2D axis-symmetric model in order to 
reduce computational costs. Figure 3.1a shows the geometry of the model used in 
COMSOL software. A cylindrical coordination system with r and z as shown in is 
used to describe the geometry. The pore was modeled by a cylinder 125 nm in 
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radius and 200 nm in length to reflect6 the actual dimensions of the pore 
measured from TEM images. Since we use a large pore with a low-aspect ratio of 
thickness (200 nm) to diameter (250 nm), the effect of the pore shape is negligible 
[63] and therefore we used a cylindrical shape with round edges. Flow cells on 
both sides of the pore were modeled by cylinders 2µm in radius and 2µm in 
length. A fine mesh (maximum size of 1 nm) was used on the pore surface (figure 
3.1b) in order to capture the electrical double layer formed by ions on the pore 
wall. make sure that the electric double layer.   
 
 
Figure  3.1 (a) Geometry of flow cells and nanopore in a 2D axis-symmetric 
model. (b) The mesh, as well as boundary conditions used in the simulation.  
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Poisson equation is used to describe the electrostatics (electric potential 
distribution) within the system: 
𝛻. (𝜀𝛻𝜑) = −𝜌𝑒       Equation ‎3.1 
Where φ is the electric potential, ε is the dielectric constant of the 
electrolyte and ρe is the electric charge density given by: 
𝜌𝑒 = ∑ 𝐹𝑧𝑖𝐶𝑖
𝑁
𝑖    Equation ‎3.2 
Where F is the Faraday constant, zi and Ci are the valence and 
concentration of ith ionic species.  
Nernst-Plank equation with quasy-steady-state assumption and no 
chemical reaction is then used to model the transport of the ionic species of the 
electrolyte for a two ion system (K
+
 and Cl
-
): 
𝛻. (−𝐷𝑖𝛻𝐶𝑖 + ?⃗? 𝐶𝑖 −
𝑧𝑖𝐹
𝑅𝑇
𝐷𝑖𝐶𝑖𝛻𝜑) = 0      Equation ‎3.3 
Where Di is the molecular diffusivity of the ith ionic species, R is the gas 
constant and T is the absolute temperature. 
Finally Navier –Stokes equation is used to describe the flow 
distribution: 
𝜌𝑓 (
𝜕?⃗? 
𝜕𝑡
+ (?⃗? . 𝛻)?⃗? ) = −𝛻𝑃 + 𝜂𝛻2?⃗? + 𝜌𝑒𝛻𝜑  Equation ‎3.4 
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Where ρf, P and η are the electrolyte density, pressure and viscosity, 
respectively.  
The constants used for the simulation were: T = 298K for temperature; R 
= 8.31 J/(mol·K) for gas constant; F = 96485.3365 C/mol for Faraday constant; 
Dk = 1.957×10−9 m
2
/s and Dcl = 2.032×10−9 m
2
/s for diffusion coefficient of 
ions, ε‎= 80 for relative permittivity of water; η = 10−3 Pa.s for viscosity of water; 
ρf = 10
3
 kg/m
3 
for density of water, CK = CCl = 140 mM for bulk KCl 
concentrations; ZK = 1 and Zcl = −1 for valence of K
+
 and Cl
-
 ions; and σ = -0.2 
mC/m
2
 for surface charge on the nanopore. 
3.3. Results and Discussion 
3.3.1. Electrostatics 
Figure 3.2a shows the voltage distribution when a bias of 1V is applied 
across the flow cell.  The voltage drop is mainly confined within the nanopore, 
resulting in a localized electric field as shown in Figure 3.2b.  
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Figure ‎3.2 Distribution of electric potential and field strength in the flow cell and 
nanopore at an applied voltage of 1V. (a) Electric potential (b) Electric field 
strength. (gray lines are field streamlines). 
 
Looking at the electric field at the cross section of the pore, it is clear that 
component of the electric field parallel to pore axis (𝐸𝑧⃗⃗⃗⃗ ) is dominant and the 
component perpendicular to the pore axis (𝐸𝑟⃗⃗⃗⃗ ) is negligible, except at the pore 
wall (figure 3.3). Therefore, the field inside the pore is almost uniform and 
parallel to the pore axis. Furthermore, the magnitude of the field at the center of 
the pore ranges from 5 to 25 kV/cm, for applied voltages between 0.2V and 1V.  
61 
 
 
Figure ‎3.3 Strength of the field in r and z directions. The field is mainly parallel 
to pore axis in z direction. 
 
 
Figure ‎3.4 Strength of the electric field around the pore vs. applied voltage. 
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3.3.2. Ion concentrations 
The distribution of the concentration of the ions is plotted in figure 3.4.  A 
zoomed view of the pore wall shows the electric double layer (EDL) formed on 
the pore wall.  
 
Figure ‎3.5 Distribution of ion concentrations. (a) Concentration of ions are close 
to bulk value except at the pore wall where an EDL is formed. The left figure 
shows the concentration of K
+ 
ions next to the pore wall (b) K
+
 concentration is 
higher and Cl
-
  concentration is lower than bulk  next to negatively charged wall 
of the pore. Left charts show a zoomed view of the concentrations around the pore 
wall. 
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The thickness of the EDL can be calculated from Debye-Hückel length: 
𝜅−1 = √
𝜀𝑟𝜀0𝐾𝐵𝑇
2𝑁𝐴𝑒2𝐶
   Equation ‎3.5 
 
Where εr, and εz are relative permittivity of the electrolyte and permittivity 
of vacuum, respectively. KB is the Boltzman constant, T is absolute temperature, 
NA is the Avogadro’s number, e is the elementary charge and C is the molar 
concentration of the electrolyte. The calculated Debye length for our system is 
0.82 nm, which is comparable to the thickness of the double layer in the 
simulation. The concentration gradient of ions determines the diffusive flux of 
ions inside the pore. 
3.3.3. Electroosmotic flow 
The positive K
+
 ions that accumulate on the pore wall to form EDL 
experience a electric force toward the anode, creating electroosmotic flow (EOF) 
inside the pore. Figure 3.5 shows the velocity of the flow in the system. As can be 
seen EOF is only present in and around the pore. In r direction, the magnitude of 
the velocity decreases with distance from the pore wall and in z direction the 
velocity is maximum in magnitude at the center of the pore and decreases away 
from the pore.  
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Figure ‎3.6 Electroosmotic flow inside the pore. Magnitude of the flow velocity is 
plotted in the system. Left chart shows the velocity in and around the pore. The 
arrows show magnitude and direction of the flow.  
 
 
3.3.4. Counter ion transport and Conductance 
Since we were able to model electric field, concentration gradient, and 
electroosmotic flow inside the pore, we can calculate the flux of counter ions (K
+
 
and Cl
-
) through the pore and by integrating these fluxes we can calculate the 
ionic current through the pore. Figure 3.7a illustrates the magnitude of the ionic 
flux ions through the pore for both ions. The estimated current from simulation 
for varied applied voltages is compared with experimental measurements in figure 
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3.7b. As can be seen, there is a good agreement between simulation and 
experiment. Therefore our model is capable of predicting the conductance of the 
pore accurately. 
 
 
Figure ‎3.7 Ionic fluxes through the pore. (a) Shows the magnitude of electric field 
at an applied voltage of 1V. The arrows show the flux of ions for K
+ 
(black 
arrows) and Cl
- 
(white arrows). (b) Conductance of the pore in experiment vs. 
simulations.   
 
 
3.3.5. Particle translocation 
Next, we placed an elliptical particle close to one boundary of the flow 
cell and moved it periodically through the pore axis. The presence of the particle 
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inside the pore causes a drop in the simulated current by blocking the ion fluxes. 
The simulation was then repeated for elliptical particles of varied aspect ratios 
(figure 3.8a-b) and the results are plotted in figure 3.8c. The amplitude of the 
simulated resistive pulse decreases as the ellipse goes from an oblate (
𝑙
𝑟
< 1) to a 
sphere (
𝑙
𝑟
= 1) to a prolate (
𝑙
𝑟
> 1) geometry. In other words, the normalized 
current blockade (
∆𝐼
𝐼0
) should increase if a spherical particle is stretched in the 
direction perpendicular to the pore axis and drops if the particle is stretched 
parallel to the pore axis. 
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Figure ‎3.8 Simulation of particle translocation through a nanopore; (a) A 
spherical particle was places away from the pore and periodically moved through 
the axis of the pore. (b) Translocation simulation for an ellipsoidal particle; (c) 
Simulated normalized current drop for particles of varied aspect ratios; Oblate 
ellipsoids (l/r < 1), spheres (l/r = 1) and prolate ellipsoids (l/r > 1) are 
compared. 
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Next, we repeated the simulation for particles of different width (r), 50-
200 nm, and varied aspect ratios. From these simulations, we were able to find the 
predicted resistive pulse heights for particles of varied size and aspect ratios. The 
red dots in figure 3.9 show the simulated 
∆𝐼
𝐼0
 for these particles and the 
intermediate values were calculated by fitting a cubic polynomial function to 
obtain the gradient colored surface illustrated in figure 3.9. The normalize 
diameter is the ratio of the diameter of the spherical particle to diameter of the 
pore (
𝑟
𝐷
). The aspect ratio is the ratio of the length of particle to width of particle 
(
𝑙
𝑟
). Note that this 3D surface essentially represents a numerical solution to 
equation 2.5 and can be used to predict the morphology of globular particles 
within nanopores. Thus, we can use this figure to correlate the resistive pulse 
height and aspect ratio of a particle assuming that its diameter before deformation 
is known. 
 
69 
 
 
Figure ‎3.9 the relationship between normalized size of particle (rparticle/Dpore) and 
particle’s‎aspect‎ratio‎(l/r)‎and‎normalized‎resistive‎pulse‎height‎(
∆𝑰
𝑰𝟎
)The red dots 
show the actual data points from simulation and the rest are calculated form 
cubic interpolation. 
 
 
Using the normalized resistive pulse heights (
∆𝐼
𝐼0
) and particles’ diameter 
measured from DLS in the previous chapter, we calculated the effective aspect 
ratio of the liposomes and nanoparticles. The results are shown in figure 3.10. 
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Figure ‎3.10 The effective aspect ratio estimated for all the samples in previous 
chapter based on the normalized resistive pulse heights measured in the previous 
chapter and the numerical simulation results in this chapter. 
 
As can be seen in figure 3.10, we predict the aspect ratio of rigid 
nanoparticles (NP75 and NP125) to be ~1 (i.e. a sphere) independent of the 
applied voltage. This confirms that our simulation is accurately modelling the 
resistive pulse. Considering that the only input in the simulation is the initial 
diameter of the particle, an output of aspect ratio equal to 1 is a good prediction 
for the shape of rigid particles. For liposomes, however, we see an increase in the 
aspect ratio (i.e. deformation to prolate shapes) as voltage is increased. This is in 
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agreement with the results from the previous chapter where we predicted that the 
shape of the deformed liposomes must be prolate ellipsoids. However, the values 
for the effective aspect ratio are unexpectedly high especially at higher applied 
voltages. Generally, electrodeformation experiments report slightly prolate 
ellipsoids with aspect ratios in the range of 1-1.5 [40, 45]. But, our results show 
aspect ratios larger than 2 even at 0.3 V (despite the low field strength of ~6 
kV/cm). We do not believe that the estimated effective aspect ratios are a true 
representative of the liposomes’ exact morphology, but rather an indication of the 
extent of liposome deformation. It is important to understand that because of the 
complicated underlying physics inside nanopores, our estimation of liposome’s 
exact morphology is not ideal. First, our numerical simulation assumes constant 
particle’s volume, which should hold true as long as the liposomes do not porate 
or disintegrate. However, the high membrane curvature of nanoscale liposomes 
favors poration [45], therefore loss of volume is possible due to electroporation. 
In addition, a porated liposome can take part in ionic conduction. Smaller volume 
and lower resistance due to poration will likely cause resistive pulses of smaller 
magnitudes, hence higher aspect ratio predictions. Second, unlike 
electrodeformation experiments in bulk solution, in our experiments liposomes 
are confined inside the nanopore, which can have implications for liposome’s 
shape. In fact pore-liposome interactions may amplify liposome deformation as 
adsorption on surfaces is known to flatten liposomes [99, 100]. There is even a 
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possibility that liposomes hit the surface of nanopores and burst immediately 
[100] to form a bilayer on the pore surface [101]. We believe the latter is less 
likely because no significant shift in the baseline was observed with liposome 
translocation (see section 2.3.3 and figure 2.4). The shape of the current blockade 
events and the translocation times of the liposomes did not suggest any prolonged 
liposome-pore interactions, either. Yet, we cannot completely refute the 
possibility of liposomes pore interactions and its possible effects on liposomes’ 
morphology.  Furthermore, the presence of electroosmotic flow and the simple 
fact that liposomes are in translocation may have implications for their 
deformation. In addition, our aspect ratio prediction is based on the assumption 
that the most probable ΔI/I0 corresponds (the peak in histograms of ΔI/I0 
distributions) to the most probable particle size (the peak in DLS measurements). 
However, the liposomes are heterogeneous in size with skewed distributions, 
which can result in varied levels of deformations for different subpopulations 
within the sample. The bending rigidity of nanoscale liposomes are highly 
correlated to their membrane curvature [102-104], which means that with the 
same applied force, larger particles will undergo more deformation. In other 
words, the deformation can further skew the ΔI/I0 distribution, which may 
complicate the assumption that the most probable ΔI/I0 corresponds to the average 
size. Finally, due to computational limitations, we have used a rather simplistic 
model that assumes an axisymmetric electric field around liposomes at steady-
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state conditions, which may not be a true representative of the conditions in our 
experiments. The nanopore used in the previous chapter was not perfectly circular 
and the dynamics of liposome deformation as it passes through nanopores may 
deviate from steady-state conditions.  
Despite unexpectedly high estimated aspect ratios for liposomes, the 
comparative trends between various liposomes can still be of great value. For 
example, DOPC liposomes show more deformation (higher aspect ratios) than 
POPC based liposomes, which is in agreement with the fact that POPC bilayer has 
a higher bending rigidity [87, 88]. Furthermore, the effect of cholesterol on DOPC 
liposomes seems smaller than the effect on POPC liposomes. As discussed in the 
previous chapter, these results are in agreement with the theory of membrane 
biophysics and electrodeformation experiments. Compared to the previous 
chapter where we could not see a significant difference between different 
liposomes samples, the effective aspect ratio calculated from our model in chapter 
allows us to see the difference between liposomes. This can be attributed to the 
non-linear dependence of pulse height on aspect ratio. In other words, a small 
change in pulse height can represent a large difference in deformation. Therefore, 
by using our model to describes the physical dimensions of the nanoscale vesicles 
(instead of comparing the resistive pulse characteristics), we can achieve better 
resolution in describing particles’ deformation. 
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3.4. Conclusions 
In this chapter we used a multiphysics numerical simulation to model 
electrostatics, ion transport, and electroosmotic flow in nanopores. Once we 
confirmed that the model can accurately predict the conductance of the pore, we 
simulated the translocation of globular nanoparticles with varied aspect ratios. 
From the simulated resistive pulses, we described the relationship between 
particles size, aspect ratio and normalized resistive pulse heights to essentially 
obtain a numerical solution for equation 2.5. This numerical solution was then 
used to find the effective aspect ratio of the nanoparticles studied in the previous 
chapter. The results confirmed that liposomes do in fact deform into ellipsoids. 
Even though the estimated aspect ratios were higher than what we expected from 
electrodeformation studies at microscale, the comparison between different 
liposome showed results similar to electrodeformation studies. 
To summarize, the model developed in this chapter helps explain vesicle 
deformation in nanopores and can be used to compare different vesicles, however 
the quantitative values for the effective aspect ratios may not be completely 
accurate. Due to several limitations and uncertainties in the assumptions, we 
cannot confidently explain the discrepancies. Further investigation in the future 
and better models that consider the dynamics of liposome deformation and pore-
liposome interactions can help better explain the results. 
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CHAPTER 4. Investigation of the elastic properties of HIV pseudoviruses 
with nanopore resistive pulse sensing  
 
 
4.1. Introduction 
In the past decade several research groups have used solid-state nanopores 
for characterization of biological nanoparticles such as exosomes [105] and 
viruses [57, 69, 106].  Nanopore resistive pulse sensing does indeed offer several 
advantages for virus characterization. Compared to Dynamic Light Scattering 
(DLS) and Nanoparticle Tracking Analysis (NTA), nanopores can provide more 
complex information such as concentration [107], shape [96], binding properties 
[57], surface charge [58, 69] and etc. Therefore, companies like Izon Science Ltd 
(www.izon.com) are already commercializing nanopore technology for analysis 
of exosomes and viruses, particularly for size measurements. The price of 
nanopore systems are lower than other commercial instruments (figure 4.1) and 
are projected to go further down based on the portable systems that are being 
commercialized by Oxford Nanopore Technologies (www.nanoporetech.com) for 
applications such as DNA sequencing.  
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Figure ‎4.1 Cost vs. depth of information for nanoparticle analysis instruments. 
 
 
Despite the advantages of nanopore resistive pulse sensing for analysis of 
biological nanoparticle such as viruses, deformation inside the pore can 
compromise size measurement and characterization. As suggested by our 
experimental data in chapter 2, soft nanoscale particles will deform as they 
translocate through a nanopore. Since the frame of enveloped viruses is in fact a 
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nanoscale vesicle, it is likely that viruses deform as they pass through a nanopore 
as well. This may present an obstacle for size measurement but provide an 
opportunity to characterize elastic properties of enveloped viruses. If in fact, the 
deformation can be characterized similar to what was done for liposomes, then 
nanopore resistive pulse sensing can become a powerful analytical platform for 
studying biophysics of viruses. As discussed in chapter 1, not only such platform 
can compete with more complex instruments such as atomic force microscope 
(AFM), it can achieve high throughput measurements, which will be of great 
significance for virus analysis.   
A key aspect of membrane viruses (such as human immunodeficiency 
virus and influenza) is their ability to enter and fuse with the target cells. While 
the entry process is well investigated and significant knowledge on the role of 
proteins is available, the role of membranes’ elasticity is not yet fully understood. 
Particularly, it is not clear yet if, and to what extent, the elastic properties of the 
lipid bilayers can affect fusion between a virus and a cell. As discussed in chapter 
1, significant technical challenges in experimental techniques are a major obstacle 
toward studying mechanics of membranes. Hence, a novel nanopore-based 
platform that can characterize virus elasticity can be of great significance toward 
understanding the biophysical basis of viral infectivity. Here we use Human 
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Immunodeficiency Virus type 1 (HIV-1) as a model system to examine the ability 
of nanopores to characterize viral membrane elasticity. 
Human Immunodeficiency Virus type 1 (HIV-1) is a retro virus, spherical 
in shape with a diameter of ~120 nm. It contains a conical capsid core, a protein 
shell that carries viral genes, enclosed by a viral membrane, which is a lipid 
bilayer vesicle decorated with envelope spikes (Env) [108]. HIV infects cells by 
injecting its viral content into cells. The infection starts with interactions between 
Env and receptors on the cell surface, which causes significant conformational 
changes in Env proteins. These conformational changes provide the energy to 
bend viral and cell membranes and cause fusion [109], allowing the capsid and 
viral contents into the cell’s cytoplasm. As described by Wyma et. al. [110], 
deletion of the protease genes in the core plasmid of HIV-1, will produce an 
inactive immature virus that is structurally different from the normal mature virus. 
Particularly, in the immature virus the viral capsid proteins form a thick protein 
shell underneath the membrane that is bound to envelop spikes and can increase 
the stiffness of the virus by several times [34]. The difference in stiffness between 
immature and mature HIV-1, makes it a great candidate as model system to test 
deformation inside nanopores, especially because the size of immature and mature 
viruses are similar. In addition, the membrane of HIV-1 is enriched in cholesterol 
(~%50% cholesterol content) [111], and since cholesterol is known to increase the 
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stiffness of lipid bilayers as well as micro/nanoscale liposomes, the HIV 
membrane is relatively rigid. Removing of cholesterol with methyl-beta 
cyclodextrin [112] can therefore soften the particle.  
It is important to note that although we do not intend to study the 
biological relevance of HIV-1 stiffness in here, there has been some evidence that 
stiffness can regulate HIV entry [113]. In fact, lack of softness in immature state 
has been suggested, while still disputed [114], to be responsible for inactivity of 
immature viruses since stiff membranes cannot bend to fuse with cells. On the 
other hand cholesterol depletion can diminish virus infectivity as well [112]. 
While this sounds counter-intuitive since cholesterol-depletion makes it easier for 
the membrane to bend, it is important to understand that lack of rigidity can make 
membrane poration less favorable. In other words, the key to viral infectivity is 
optimal membrane’s elasticity, not necessarily extreme rigidity or softness. 
Maintaining optimal elasticity is, therefore, essential for HIV-1 membrane in 
order to sustain integrity while able to bend and fuse with cells, which highlights 
the importance of understanding mechanical properties of viral membranes.  
In this chapter we compare immature, mature and cholesterol-depleted 
HIV-1 pseudoviruses, with nanopore resistive pulse sensing as described in 
previous chapters. The main objective here is to validate our methods for 
characterization of viral membrane elasticity. 
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4.2. Materials and Methods 
4.2.1. Reagents 
Methyl-β-cyclodextrin powder was purchased from Sigma Aldrich. 293 T 
cells were obtained from American Type Culture Collection and were grown in 
DMEM supplemented with 10% FBS, 2.5% HEPES, 1% Penicillin- Streptomycin 
and 2% L-Glutamine. DNA plasmids, HIV-1BaL.01 Env and NL4-3 R- E- Luc+ 
were obtained from NIH AIDS reagents program, division of AIDS, NIAID (kind 
gifts from Dr. John Mascola and Dr. Nathaniel Landau, respectively). All other 
reagents were from Fisher Scientific. 
4.2.2. HIV-1 production and purification 
HIV-1 pseudoviruses were produced following the co-transfection method 
reported elsewhere [115]. Human Embryonic Kidney (HEK-293T) cells were 
cotransfected with the envelope expressing plasmid, HIV-1BaL.01 strain, and the 
envelope-deficient, NL4-3 R- E- Luc+. 72 h after transfection, the supernatants 
were collected and filtered with a 0.45 µm syringe filter. After concentration with 
an Amicon spin filter (100 kDa MWCO), they were loaded on an iodixanol 
gradient ranging from 6% to 20% in phosphate-buffered saline (PBS) and 
centrifuged for 2 h at 112000g on an SW41 rotor in a Beckman ultracentrifuge at 
4°C. The pseudovirus-containing fractions were then collected, aliquoted in 
serum-free media and stored at -80°C. All pseudovirus samples were tested for 
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p24 content, gp120 expression and infectivity as reported before. Immature 
pseudoviruses (Δpro) were prepared similarly using an envelope-deficient 
plasmid with all the protease sites deleted (pNL-MA/p6 kindly provided by Dr. 
Chris Aiken at Vanderbilt University). All virus samples were aliquoted and kept 
at -80 ºC. 
4.2.3. Sample preparation and nanopore resistive pulse sensing 
Vials of HIV-1 Bal.01 virus were thawed and mixed with PBS (mature 
HIV) or Methyl Beta Cylcodextrin at a final concentration of 5mM (ΔChol 
mature HIV) in a 1:1 ratio. The samples were incubated for 30 minutes at 37 ºC 
before they were washed twice with PBS at 2000 x g for 3 minutes in Amicon 
concentrators (100kDa MWCO). Immature viruses were prepared similar to 
mature sample; vials of Δpro viruses were thawed and treated with PBS in a 1:1 
ratio and incubated for 30 minutes at 37 ºC before washing with PBS twice. 
50 µL of the prepared samples were immediately added to the cis chamber 
of the flow cell in a nanopore resistive pulse sensing setup and the ionic current 
was recorded until ~1000 events were collected for each sample at each applied 
voltage. Signal processing and statistical analysis was done following similar 
procedures as those used for synthetic liposomes in previous chapters. 
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4.2.4. Transmission electron microscopy 
Virus samples were fixed in solution containing 1% Paraformaldehyde 
and 0.1% Glutaraldehyde at 4 ºC for 15 minutes and then were washed one at 
2000 x g for 3 minutes in Amicon concentrators (100kDa MWCO). Then they 
were mixed with 1% Osmium Tetroxide and incubated with gentle shaking at 4 ºC 
for 1 hour before being washed again for seven times with DI water. The samples 
were then concentrated to 100 ul volume and loaded on holey carbon grids (EM 
Microscopy) and dried overnight.  Just before imaging, samples were stained with 
0.1 % Uranyl Acetate and rinsed.  Imaging was performed in a JEOL 2100 
transmission electron microscope at 120 keV. 
4.3. Results and Discussion 
4.3.1. Size measurement of viruses 
Figure 4.1, shows TEM images of viruses along with size distribution 
calculated from images on at least 100 virions for each sample. All three samples 
were comparable in size and the distributions were narrow. 
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Figure ‎4.2 Size distribution of HIV viruses measured from TEM images of each 
sample. Inset shows TEM image with a bar of 100 nm. Top drawings show 
illustration of virus structures. 
 
4.3.2. Resistive pulse characteristics 
The resistive pulse signals were recorded for virus samples dispersed in 
PBS (pH = 7.4, 140 mM KCl). Examples of the recorded current traces can be 
seen in figure 4.2. Compared to synthetic liposomes, the event frequency for 
viruses was lower suggesting that the concentration of the virus samples is lower 
than liposomes. Since centrifugation of virus samples can tear their membranes, 
we avoided concentrating viruses any further. Due to lower frequency of events 
especially at lower voltages, recording thousands of events was not possible 
within reasonable experimentation time. Thus, we only analyzed virus 
translocation at four applied voltages, 0.4, 0.6, 0.8 and 1 V.  
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Figure ‎4.3 Representative current traces for the virus samples at an applied 
voltage of 1V. 
 
Histograms of resistive pulse heights are plotted in figure 4.4. 
Interestingly, the distributions are positively skewed similar to what was observed 
for liposomes but to a lesser extent. The distributions do not significantly shift 
with increasing applied voltage suggesting that viruses are going under 
deformation by a similar mechanism as was discussed for liposomes in chapter 2.  
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Figure ‎4.4 Distribution of resistive pulse heights for different virus samples.  
 
As expected, the dependence of pulse heights on applied voltage does 
correlate with the expected elasticity of the virus in general trend. That is the 
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pulse height is most responsive to applied voltage for immature viruses followed 
by mature virus and then cholesterol depleted mature virus. 
Next, we looked at the normalized pulse heights. As was discussed in 
chapter, normalized pulse height can be a good indicator of virions deformation. 
Figure 4.5, presents the most probable 
∆𝐼
𝐼0
 of the resistive pulse signals for virus 
samples. Similar to the trend for liposomes, the 
∆𝐼
𝐼0
 drops with increasing voltage; 
suggesting that viruses are deforming. Interestingly, at 0.4 V, the 
∆𝐼
𝐼0
 of all three 
virus samples are very similar, showing their comparable size. However when 
increasing the applied voltage to 1 V, the  
∆𝐼
𝐼0
  values are not similar, illustrating 
varied elasticities.  
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Figure ‎4.5  normalized resistive pulse heights for virus samples at all applied 
voltages. All error bars show standard error of triplicate experiments. 
 
 
4.3.3. Morphology and effective aspect ratio of deformed viruses 
Using the average size of each virus from TEM measurements, we 
calculated the effective aspect ratio of deformed viruses based on the numerical 
simulation presented in chapter 3. As can be seen in figure 4.5, the aspect ratios of 
viruses are smaller than what was observed for synthetic liposomes, showing their 
resistance against deformation. This is expected because of the presence of the 
capsid core as well as the integration of Env spikes into the viral membrane [25]. 
Furthermore, the deformation of viruses decreased from immature to mature to 
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cholesterol-depleted virus as determined by the slope of aspect ratio vs. applied 
voltage.  
 
 
Figure ‎4.6 normalized resistive pulse heights for virus samples at all applied 
voltages. All error bars show standard error of triplicate experiments. 
 
 
In conclusion, our results agree with the fact that immature virus is more 
rigid than mature virus and cholesterol depletion can further soften the mature 
virus in agreement with the trends observed by others [34].  
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4.3.4. Recapturing a single virus 
While the method introduced so far can compare the elasticity of viruses 
and vesicles, it is still an average ensemble method that compares the average 
values of bulk measurements. For example, the resistive pulse characteristics and 
the estimated aspect ratios in this chapter represent average values for all virions 
and not accurate values for each particle. Since significant heterogeneity is 
generally expected for any nanoparticle samples including biological samples 
such as viruses, single-particle measurements are preferred in analyzing 
nanoparticles. In this section we employ a different approach based on recapturing 
of viruses in order to demonstrate the possibility of single-particle measurements 
for virus elasticity.  
Single-particle measurements are done by recapturing a virion inside a 
nanopore. This was achieved by manually reversing the applied voltage 
immediately after a virion translocation was detected (figure 4.7). Resistive pulse 
in forward direction was measured at an applied voltage of 0.4 V and in the 
reverse direction at an applied voltage of 1V. Due to the differential applied 
voltage, we were able to observe the shape deformation when the field increases 
from 0.4V to 1V.   
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Figure ‎4.7 Recapturing of virions; (a) Illustration of recapturing process. After a 
virions passes through the pore in forward direction, the voltage is manually 
reversed to bring the virion back to the pore. (b) Representative sample of a 
recapturing signal with varied applied voltages in reverse vs. forward. (Note that 
the axis scale is not linear.) 
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We performed multiple recapture experiments with 10-20 virions of each 
sample and compared the ratio of normalized pulse height in reverse vs. forward 
directions. Figure presents average values for the three different virus samples. 
This data suggests that immature virions retain their shape with almost no 
deformation. Mature virions show some deformation and cholesterol-depleted 
virions showed the most amount of deformation in reverse translocation (figure 
4.8). 
 
Figure ‎4.8 The ratio of normalized pulse heights at applied voltage of 1 V 
(reverse direction) over an applied voltage of 0.4 V (forward direction). 
 
 
The ratio of normalized pulse height at 1 V vs. 0.4 V was higher in single-
particle measurements compared to average ensemble, which can be attributed to 
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the heterogeneity in virion size that adds error to average ensemble 
measurements. As discussed in previous chapter, vesicles elasticity is highly 
dependent on the membrane curvature; therefore, heterogeneity in size can 
translate into heterogeneity in elastic properties. When looking at average 
ensemble we ignore such heterogeneity in samples and assume that all particles 
have similar size and elastic properties. With single-particle measurement, since 
we are comparing each particle to itself, the heterogeneity becomes irrelevant and 
therefore the data from single-particle measurements is more reliable. However, 
due to technical limitations, the throughput of single-particle measurements is not 
as high as average ensemble measurements. This was mainly due to the fact that 
we used manual control to reverse the voltage. As a result, only one single 
recapture could be done. Since our goal here was only to demonstrate the 
capability to do single-measurements, we did not develop a separate automated 
system for recapturing measurements; however, it has been shown that an 
automated system with real-time data analysis can achieve recapturing of a single 
analyte up to thousands of times [116]. Thus, in the future, a fully automated 
system can be developed to first detect soft nanoparticles, then measure their size 
at a low applied voltage and finally analyze their elasticity by recapture 
experiments at increased applied voltages.  
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4.4. Conclusions 
In this chapter, we compared the elasticity of HIV-1 pseudotype viruses 
using the methods that were developed in the previous chapters. We demonstrated 
that an immature virion shows higher rigidity compared to mature virions, which 
is in agreement with findings from atomic force microscopy. In addition, we 
showed that cholesterol-depletion from viral membrane can further soften the 
mature virions. This is an interesting finding since cholesterol-depletion has 
previously been shown to diminish virus infectivity and even render virus 
stability. Furthermore we demonstrated that single-virion measurements can be 
done simply by reversing the voltage and recapturing the particle in the pore 
again. Single-particle measurements further confirmed the trends we observed in 
average ensemble measurements. Since the resistive pulse of the same particle is 
measured at two different voltages (0.4 V and 1 V), the shift in normalized pulse 
height does truly represent particle deformation. 
In conclusion, we have demonstrated the ability of nanopores to 
characterize elasticity of viruses at a single-particle level. While the recapturing 
process for single-particle measurements requires further instrumentation and 
protocol development to improve some of the current limitations, our work here 
serves as a proof-of-the-concept for a nanopore-based single virus analyzer, 
which not only measures virion’s size but also can characterize mechanical 
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elasticity. Upon further improvement and optimization, a platform like our system 
can open up new technological avenues to investigate the biophysical basis of 
virus infectivity, fusion, membrane trafficking and etc. 
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CHAPTER 5. Conclusions and Future Directions 
 
 
This dissertation presents experimental data on analysis of soft particle 
deformation with nanopores resistive pulse sensing. First, elastic properties of 
liposomes with varied lipid compositions were compared. A sharp contrast in 
resistive pulse characteristics was observed between soft and rigid nanoparticles. 
In order to explain those differences we investigated the translocation of 
liposomes through the pore and discussed the possible explanations for trends 
observed in resistive pulse signals. The findings led to the conclusion that soft 
particles do in fact deform as they translocate through the nanopore and the 
morphology of the deformed liposomes were found to be prolate ellipsoids. Then 
we used numerical simulations with finite element analysis to correlate the 
resistive pulse characteristics with the physical dimensions of deformed 
liposomes. We estimated the effective aspect ratio of deformed liposomes and 
compared the extent of deformation for liposomes of different lipid compositions. 
Finally we investigated deformation of virus particles as they translocate through 
nanopores. Using HIV-1 pseudotype viruses as model system, we demonstrated 
that elasticity of viruses can be compared using nanopore resistive pulse sensing. 
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5.1. Future Directions 
The research in this dissertation can be followed by work in several 
directions. These can be generalized to two main categories: 1- addressing current 
challenges 2- opportunities for applied or fundamental sciences. 
5.1.1. Addressing Challenges 
The main and most important challenge in the present research is to 
identify a method that can produce quantitative results for membrane elastic 
properties rather than qualitative comparison between different samples. In order 
to achieve quantitative measurements, theoretical models are required to explain 
dynamic biophysical properties of soft particles as they translocate through a 
nanopore. Currently, the electrodeformation are based on microscale giant 
vesicles without any surface charge and at steady state, and therefore cannot 
directly be applied to our system where particles are in translocation. In addition 
the translocation through a nanopore can complicate the physics of vesicle 
deformation as electrophoresis, particle-pore interactions, electroosmotic flow and 
confinement in the pore can contribute to particles’ deformation. As a result, we 
could not have a good theoretical estimate for the expected aspect ratios of 
deformed vesicles. On the other hand our own estimated aspect ratios based on 
resistive pulse heights are uncharacteristically high when compared to common 
values reported in electrodeformation studies of microvesicles. Since our model 
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can accurately predict the aspect ratio of rigid nanoparticles, we cannot 
confidently explain why such high values are observed for liposomes. In the 
future, modalities other than electrical signal can be employed to get additional 
data on the biophysical properties of the vesicles. For example, vesicles filled 
with self-quenching fluorescent dyes can be used to investigate whether 
electroporation occurs as vesicles translocate through the pore or not. These 
experiments will further help gain crucial insight on the biophysical processes that 
play a role in vesicle deformation inside nanopores. 
A second approach to obtain quantitative values is an empirical one, where 
a standard method is used in parallel to generate a standard curve that maps the 
data from resistive pulse sensing to the data from a standard method. However, 
large variations are already observed between various methods, which makes it 
impossible to correlate the data from one method to another. In fact the 
underlying physical phenomena that are measured in different techniques may not 
be comparable. For example, from solid mechanics, we know that the stiffness in 
one direction or against a specific form of stress (i.e. shear vs. tension) are not 
necessarily comparable to properties under a different condition. The form of 
stress that is applied under an atomic force microscopy (puncturing the membrane 
on a flat surface) is very different from electrodeformation and therefore an 
empirical calibration of our system may not be trivial.  
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  Another challenge moving forward is the general heterogeneity in 
nanoparticle samples, which makes it difficult to compare the resistive pulse 
signals of different samples. When we were producing synthetic liposomes for 
nanopore analysis, we had a hard time getting liposomes of exact similar size with 
different lipid compositions. Similarly, in virus production, even though we used 
gradient purification to isolate virions of similar size, we still observed 
heterogeneity in some samples. Further purification was not feasible because the 
final concentration of viruses was already low to the point that detecting 
thousands of translocation events would be very time taking and translocation 
events could not be detected at applied voltages below 0.4 V. In future, it is 
important to use nanoparticles with better size homogeneity and concentration to 
optimize the protocols developed here. 
Finally, the electronic instrumentation that was used in this research are 
conventional patch clamp systems mainly developed for electrophysiology 
research. Since these systems were not optimized for our purpose they presented 
certain challenges. For example the range of applied voltages was limited to 1V; 
as a result we could not investigate the effect of stronger electric fields. In the 
future better electronic systems can be employed to study the effect of stronger 
fields on soft particles, particularly to investigate electroporation of small vesicles 
inside nanopores. 
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5.1.2. Opportunities for applied or fundamental sciences 
The work outlined in this dissertation can present opportunities for 
researches in various fields including nanopore sensing technology, 
electrodeformation of vesicles and cellular/molecular mechanobiology:  
For nanopore technology, it is important to understand the deformation of 
soft nanoparticles and the implications for nanoparticle characterization such as 
counting and size measurements. Several researchers have already used nanopores 
to characterize liposomes [80, 117, 118], exosome [105] and viruses [69, 106, 
119] and several companies are commercializing nanopore-based technology for 
nanoparticle analysis. The work in this dissertation adds a new modality to 
nanopore toolbox and that is mechanical characterization of nanoparticles.  
For vesicle electrodeformation studies, not only this work provides a 
unique approach to characterize electrodeformation at nanoscale, but also it 
introduces a single-particle approach to characterizing electrodeformation. The 
conventional techniques to study electrodeformation use microscopy to measure 
deformation as an average ensemble. In suspension, the electric field causes 
aggregation of particles which leads to field non-uniformities. As a result of these 
field variations inside the suspension, different particles experience different 
stresses and hence, deformation, which gives rise to large scatter in particle 
mechanical responses. Detailed modeling of liposome suspensions, which 
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accounts for each particle deformation, is not available at this time, which makes 
the interpretation of experimental data questionable.   By contrast our nanopore 
system uses an electric field confined within the pore, which only deforms one 
particle at a time. Even for larger microvesicles, a similar methodology with 
micropores can be of great benefit to avoid field non-uniformities. Furthermore by 
using an array of pores, one can analyze hundreds of particle in parallel, allowing 
high-throughput single-particle analysis.  
Finally for biophysics and cellular/molecular mechanobiology, this work 
can provides a novel approach to characterize mechanical properties at a single-
particle level improving current technologies in terms of throughput. Such 
technology can be used in both fundamental sciences to how lipid bilayers 
facilitate processes such budding and fusion. It can also be used in applied 
sciences for example for analysis of drug/gene delivery systems. Another 
interesting potential application can be early detection diseases based on the 
mechanical properties of exosomes. For example, exosomes coming from a 
cancer cell are different in structure than exosomes from a healthy cell [120], 
hence their mechanical properties might be very different. Using the methods 
presented here one can potentially distinguish between exosomes of difference 
mechanical properties. 
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